complex is pretreated with GzmA, but not with S-AGzmA Moreover, mixing the QE with the QFT abrogates DNA cleavage ( Figure 2E ). The inhibitory QE fractions coin-( Figure 2D ). To identify GAAD, the SET complex was separated over an anion exchange Q column. SET and cide with the fractions that contain SET and pp32 ( Figure  2F ; data not shown). Inhibition is specific since the QE pp32 bind to the Q column, while Ape1 and HMG-2 are in the flowthrough (QFT) ( Figure 3B Figure 3A ; data not shown).
age. Since IGAAD is in the QE of the SET complex fractionation, we determined which SET complex proteins This 17 kDa QFT protein was identified as NM23-H1 at the Harvard Microchemistry Facility by microcapillary bind NM23-H1. rNM23-H1 coprecipitates with rSET, but not with rpp32, rHMG-2, or rApe1 ( Figure 4A ; data not reverse phase HPLC nanoelectrospray tandem mass spectroscopy by sequence identity of 12 tryptic fragshown). Native NM23-H1 and SET in the SET complex ( Figure 4B ) or cell lysates ( Figure 4C ) also coprecipitate. ments and confirmed by immunoblot probed with NM23-H1 mAb ( Figure 3B ). The association of NM23-H1 is GzmA cleavage dissociates SET and its fragments from NM23-H1, since coprecipitation is not detected after specific, since NM23-H2 is not in the complex. NM23-H1, but not NM23-H2, also coelutes with SET and other GzmA treatment even with polyclonal SET antiserum ( Figure 4C ; data not shown). SET complex proteins from the S-AGzmA column (Figure 3C ; data not shown).
As expected if SET and NM23-H1 bind, immunodepletion of NM23-H1 or SET, but not control antibody or To determine whether recombinant NM23-H1 (rNM23-H1) is a DNase, rNM23-H1 protein was purified from Protein A, abolishes DNA nicking by GzmA and SET complex in isolated nuclei ( Figure 4D ). Depletion with bacteria using ammonium sulfate precipitation, hydroxyapatite, ATP agarose, and DEAE chromatography.
antibodies There are no substantial differences in background lysis GzmA was thought to activate cell death slowly because oligonucleosomal DNA fragments are not released from (Ͻ10%) by GzmA or perforin alone or by perforin and S-AGzmA due to siRNAs. Because NM23-H1 silencing target cells until 16 hr after GzmA treatment. However, GzmA activates a type of DNA damage (single-stranded does not completely abrogate DNA nicking, we cannot be certain that NM23-H1 is the only GAAD. However, nicks), which leads to larger DNA fragments, not detected in conventional apoptotic assays using nondenaRNAi does not usually completely abolish targeted gene expression.
turing agarose gels or TdT labeling. Nonetheless, DNA 
NDP kinase previously known to nick DNA (Ma et al., 2002). NM23-H1 is a GAAD, and SET is its inhibitor. GzmA activates the DNase by cleaving SET, disrupting
Moreover, Ape1 translocates rapidly into the nucleus in its binding to NM23-H1 and releasing it from inhibition response to ROS generated during GzmA-induced cell (Figure 7 ). This mechanism recalls the activation of CAD death (Tell et al., 2000) . Therefore, we suspect that the by caspase or GzmB cleavage of ICAD. In both path-SET complex translocates as a complex in response to ways, the DNase is sequestered in the cytosol bound to GzmA loading, although this remains unproven. Of note, its inhibitor, until the inhibitor is proteolytically cleaved. Pharmaceuticals) for 1 hr at 37ЊC. After washing with PBS, 100 l culture medium containing 1 mM EGTA was added to each chamber. using a sublytic concentration of perforin as described (Shi et al., 1992) . pp32, SET, and GST were expressed in BL21-DE3 cells and LAK cells (generated from human PBMCs cultured for 14 days in medium containing 1000 IU/ml recombinant human IL-2 (a gift of purified as described (Zhang et al., 2001b) . Recombinant NM23-H1 was purified by ammonium sulfate precipitation followed by hyChiron Oncology) added in 100 l of medium containing 1 mM EGTA onto ConA-sensitized target cells (at a ratio of 40:1 for microscopy droxyapatite, ATP agarose, and DEAE ion exchange (Pharmacia) fractionation using NM23-H1 expressed from pet 15b, a kind gift of and 1:1 for immunoblot) were incubated for 15 min at 37ЊC, briefly centrifuged onto the targets, and incubated for another 15 min at P. Steeg (National Institutes of Health, USA). Mammalian expression plasmids for NM23-H1 and NM23-H2 cDNA in pCMV were kind gifts 37ЊC. Adding CaCl 2 to a final concentration of 5 mM triggered granule exocytosis. Slides were returned to 37ЊC, and reactions were of P. Steeg and E. Postel (Princeton University), respectively. SET was cloned into pcDNA3.1 for transfection experiments. stopped at indicated times by adding fixation buffer. Samples were either lysed in NP40 lysis buffer to obtain nuclear and cytoplasmic fractions or were stained and analyzed by microscopy as above.
SET (but maybe not NM23-H1) also moves to the nucleus

Purification of SET Complex and DNase
The SET complex was eluted from a S-AGzmA column loaded with
In Vitro Cleavage Assay K562 cell lysates as described (Fan et al., 2003) . The concentrated Recombinant proteins (0.5 M) or K562 cell lysates (2 ϫ 10 5 cell desalted eluate was applied in Tris-buffered saline to a Sephacryl equivalents) were incubated for the indicated times at 37ЊC with 400 gel filtration (2.5 cm ϫ 1.0 m; Pharmacia). The pooled S400 indicated concentrations of Gzms in 20 l of 50 mM Tris-HCl (pH fractions were concentrated, desalted, and separated on a 2 ml 7.5), 1 mM CaCl 2 , and 1 mM MgCl 2 . Reaction products were electroanion exchange Q column (Pharmacia) eluted with 0-1 M NaCl.
phoresed and transferred to nitrocellulose for immunoblot.
DNA Nicking Assay
Silencing by RNAi The Klenow fragment of DNA polymerase (New England Biolabs) Silencing using synthetic 21 nucleotide siRNA duplexes was perlabeled DNA breaks as described (Beresford et al., 1999). NP40 cell formed as described (Fan et al., 2003) . Synthetic siRNAs (Dharlysates were treated with Gzms at 37ЊC for 4 hr and then nuclei macon Research) were as follows: NM23-H1 siRNA#1: sense 5Ј-isolated by centrifugation were washed before labeling. For some GGAUUCCGCCUUGUGGGUCUU-3Ј, antisense 5Ј-GACCCACAAGG experiments, isolated untreated nuclei were incubated directly with CGGAAUCCUU-3Ј; #2 sense 5Ј-UACAUGCACUCAGGGCCGGUU-3Ј, indicated combinations of 5 g of purified SET complex and recomantisense 5Ј-CCGGCCCUGAGUGCAUGUAUU-3Ј; NM23H2: #1 binant proteins for 4 hr at 37ЊC. Unless otherwise indicated, concensense 5Ј-GGGAUUCCGCCUCGUGGCCUU-3Ј, antisense 5Ј-GGCCA trations were 0.2 M for rSET, rNM23-H1, or rGST, and 1 M for CGAGGCGGAAUCCCUU-3Ј; #2 sense 5Ј-GUACAUGAACUCAGGG Gzms. For immunodepletion, the SET complex was treated with 5 CCGUU-3Ј, antisense 5Ј-CGGCCCUGAGUUCAUGUACUU-3Ј; SET: g indicated antibodies and Protein A Sepharose before adding #1 sense 5Ј-GGAGCUCAACUCCAACCACUU-3Ј; antisense 5Ј-GUG Gzms. For rescue, 50 nM rGST, rSET, and/or rNM23H1 was added GUUGGAGUUGAGCUCCUU-3Ј; #2 sense 5Ј-GGCCGACGAGACCU to the immunodepleted supernatants. Washed nuclei were labeled CAGAAUU-3Ј, antisense 5Ј-UUCUGAGGUCUCGUCGGCCUU-3Ј. with Klenow and 32 P-dATP and analyzed by scintillation counting or GFP siRNA sequences were previously described (Fan et al., 2003) . alkaline gel electrophoresis as described (Beresford et al., 1999) . K562 cells were analyzed 3 days after transfection by immunoblot for protein expression and by cytotoxicity assay after loading with In Situ Nicking Assay granzyme and perforin. Transfected cell lysates were also treated Isolated K562 nuclei were treated for 90 min at 37ЊC with combinawith Gzms to analyze DNA nicking as described above. tions of 0.5 M GzmA or S-AGzmA, 10 U DNase I (New England Biolabs), and K562 cytosol (2 ϫ 10 4 cell equivalents) in 100 l 50 Overexpression of NM23-H1, NM23-H2, and SET mM Tris-HCl (pH 7.9); 50 g/ml BSA; 5 mM MgCl 2 ; 10 mM K562 cells, transfected with pCMV or pcDNA3.1 expression plas-␤-mercaptoethanol; 4 U Klenow; 100 M dATP, dCTP, and dGTP; mids 3 days earlier as described (Fan et al., 2003) , were analyzed and 16 M Alexa 568-12-UTP (Molecular Probes), adapting the by immunoblot and DNA nicking assay as described for silenced method of Krystosek, 1999. Nuclei were then plated onto polyLyscells. coated slides and fixed and permeabilized using the Fix-and-Perm kit (Caltag Laboratories). After washing with PBS, slides were coun
